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Abstract 
The SER spectra of riboflavin and FAD are identical and are resonance enhanced at 514 
or 532 nm. Signals  from FAD/ riboflavin dominated SER spectra whenever these 
compounds  were present with proteins or bacteria. SER spectra of very different bacteria 
such as Pseudomonas. aeruginosa, Bacillu. subtilis and Geobacillus. stearothermophilus 
were dominated by signals from FAD, even when these bacteria were added to a 
preformed colloid. The SERS signal of FAD is greatly reduced at 785 nm, and SER 
spectra of bacteria excited at 785 nm are quite different than those collected at 514 or 532 
nm. This supports the assignment of the peaks in the 514 nm SER spectra of bacteria to 
FAD rather to amino acids or N-acetylglucosamine. The SER spectra of certain mixes of 
adenine and FAD showed similar changes to those of bacteria when the excitation was 
changed from 514/532 nm to 785 nm. The ratio of colloid: bacteria was of critical 
important for obtaining good SER spectra, and the addition of sodium sulfate was also 
beneficial. Removal of EPS from bacteria before analysis facilitated interaction with the 
silver surface, and may be a useful step to include in identification protocols. 
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1. Introduction 
 
Surface Enhanced Raman Spectroscopy (SERS) has been hailed as a means to detect 
extremely small amounts of certain samples, and promises to be an ideal way to speedily 
identify bacteria using only small samples [1]. However, the interactions involved are not 
completely understood, and are especially complicated in the case of bacteria, as bacteria 
are too large to fit into ‘hot spots’.  It has been noted that spectra of bacteria vary 
considerably with wavelength, the choice of SERS substrate and the preparation of the 
sample for analysis [2,3]. Efrima and Zeiri showed that when 514 nm light was used for 
excitation, the SER spectra of E. coli with Ag colloid formed in situ on the external 
bacterial walls were dominated by a signal matching that of flavin adenine dinucleotide 
(FAD). They noted that SER spectra reported by other groups, including those of Jarvis et 
al.[4], were similar, even though the authors of the latter paper did not attribute the bands 
in their spectra to FAD. However, they had prepared their colloid in situ. Sengupta et 
al.[5] obtained SER spectra of bacteria in preformed colloid synthesized using 
borohydride reduction of silver. They showed the similarity of their spectra of E. coli to 
those of Zeiri et al. and Jarvis et al. but attributed the peaks to those of amino acids and N 
acetyl glucosamine [6]. They also noted that the ratio of colloid to bacteria was 
important. Kazanci et al. added Pseudomonas aeruginosa to preformed colloids prepared 
by reduction of silver with hydroxylamine, and obtained SER spectra that were attributed 
to FAD [7]. The surface groups on the colloid surface, and the pH, were shown to be 
important in controlling the interactions.  
 It is generally accepted that SER spectra of bacteria are generated as a result of 
interactions between species in/on the cell wall and the silver surface. However, many 
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bacteria produce extracellular polymeric species (EPS), the majority of which are 
carbohydrates and proteins. The production of EPS is increased when biofilm formation 
is initiated, but EPS can also be produced by planktonic species.   EPS can dissolve into 
the culture medium, or form the matrix of a biofilm, but some EPS  remains more tightly 
bound and is referred to as ‘capsular EPS’ [8 ]. There has been little reported on how the 
presence of EPS can influence the nature of a SER spectrum.  
 In this paper, we discuss the assignment of certain well known peaks in the SER 
spectra of bacteria. We show that SER spectra of samples prepared by mixing a variety of 
bacteria with preformed colloids are dominated by the SER spectrum of FAD.  We also 
show the importance of the ratio of colloid concentration to bacteria concentration, and 
demonstrate how the removal of extracellular polymeric substances (EPS) can improve 
the quality of the SERS spectra able to be obtained. 
 
2. Materials and Methods 
 
2.1 Materials 
Trypticase soy broth (TSB) and Trypticase soy agar (TSA) was obtained from Becton 
Dickinson(Cockeysville, MD). The nutrient broth was obtained from Oxoid while  
FAD, riboflavin and bovine serum albumin (BSA) were obtained from Sigma. 
All other chemicals were obtained from Fisher Scientific. 
 
2.2 Bacteria 
 
Pseudomonas aeruginosa PAO1, henceforth referred to as PAO1, is a Gram-negative 
bacterium and was obtained from Dr J. Lam (University of Guelph, ON, Canada). 
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Geobacillus stearothermophillus and Bacillus subtilis, both Gram positive, were obtained 
from Ms S. Gills (Queensland University of Technology, Qld, Australia). 
 
2.3 Culture conditions 
 
  
Planktonic cultures of PAO1 were grown in TSB at 28°C, while biofilm colonies were 
grown on TSA plates. G. stearothermophilus and B. subtilis were grown in nutrient broth 
at 55 oC and  28 oC respectively. 
2.4 Extraction of Extracellular Polymeric Substance (EPS) from PAO1  
 
The extraction was carried out by modifications of procedures described by Sheng 
et al.9 and Sandt et al10. Ten cultures of PAO1 were grown on TSA plates to late 
exponential phase, and then harvested and resuspended using sterile inoculating loops. 
Eight of the cultures were suspended in 150 mL tris-EDTA (TE) buffer (10mM EDTA, 
10mM tris, in 2.5% NaCl solution, pH=8.0), while the remaining two were suspended in 
40mL of deionized water and used as controls. Bacteria in TE buffer were held at 4°C for 
24 h, and then centrifuged. The supernatant was collected while the pellet was washed 
twice with triply deionized water. This washed pellet was resuspended in sufficient triply 
deionized water to give a suspension with an absorbance between 1 and 1.3 at 600 nm. 
Raman analysis of a washed PAO1 suspension showed a spectrum with no visible EPS 
signals. The collected supernatant was placed in dialysis tubing and dialyzed against 
triply deionized water for 72 h, changing the water daily. The resulting solution was 
freeze dried in order to isolate the dry EPS.  
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2.5 Preparation of silver colloid 
 
 Silver colloid was prepared by reduction with hydroxylamine, using the method of 
Leopold and Lendl [11]. 
 
2.6 Preparation of samples for spectroscopy 
Bacteria were spun down at 3000 rpm and washed 3 times in distilled water. They were 
then resuspended in water and the absorbance was noted. 
A specified aliquot of bacteria was added to 1.8 mL silver colloid in a 2 mL vial (Bonnet 
Equipment, Taren Point, Australia). The sample was mixed, where specified 30 µL 1.1 M 
Na2SO4 was added and the spectrum was collected.  
 
2.7 Instrumentation 
 
Renishaw InVia Raman microspectrometers (Renishaw, Stratford upon Avon, UK) 
equipped with deep depletion CCD detectors,  1800 lines/mm gratings and either a 
holographic notch filter (Prospect Scientific, Toronto, Canada), or edge filters were used 
for acquiring the Raman spectra. Excitation was provided using either a Spectra Physics 
argon ion 514.5 nm laser (Mountain View, CA) with 10-13 mW output and 2-3 mW at 
the sample or a 532 nm laser (Spectra Physics). The spectrometers were attached to Leica 
microscopes (Leica Microsystems, Richmond Hill, ON) equipped with x20 and x50 
objectives, in a 180° backscatter collection configuration. Samples were mounted on an 
XYZ motorized stage with a 0.1 µm displacement capacity. Spectra acquired using the 
InVia spectrometer were processed (smoothed and baseline corrected) using Wire 2.0 
software (Renishaw).  
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3. Results and discussion 
 
SERS spectra of FAD and riboflavin were readily obtained at high intensities with 514 or 
532 nm excitation using a wide variety of analyte:colloid ratios. As reported previously 
[3], these two compounds gave identical SERS spectra, consistent with the flavin moiety 
interacting strongly with the silver colloid and the adenine of FAD not being involved. 
Even when flavin is held away from a silver surface, strong SERS enhancements can still 
be observed [12]. In our laboratory, a SER spectrum identical to those of FAD and 
riboflavin was also obtained when some commercial bovine serum albumin (BSA) 
samples were mixed with the silver colloid. This is not surprising as FAD is known to 
bind tightly to BSA [13], and with BSA samples with higher designated purities, there 
was no contribution of FAD to the spectra. This demonstrated how readily the presence 
of a trace amount of FAD could control the appearance of SER spectra of protein. As 
expected, a quite different SER spectrum was obtained when FAD or riboflavin was 
irradiated with light of 785 nm, and the intensity was greatly reduced. 
 In Figure 1, we show the SER spectra of G. stearothermophilus and B. subtilis. 
These bacteria were grown as planktonic cultures, and were harvested after 19 h. The 
spectra strongly resemble those of FAD and riboflavin. Bacteria contain a large amount 
of protein, and as seen with BSA, a trace amount of FAD can dominate a SER spectrum. 
Some authors have assigned the main bands in similar spectra of bacteria to a variety of 
components other than FAD, including amino acids and N acetyl glucosamine [6], but 
these assignments do not explain the resonance enhancement at 514/532 nm as compared 
to 785 nm.  Adenine has an intense peak in its SER spectrum around 734 cm-1 when 
irradiated with light of 532 nm [14 ], but this peak can be insignificant beside those of 
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FAD. Fig 2 shows spectra of a mix of riboflavin and adenine obtained using 532 and 785 
nm irradiation, respectively. In the mix there is enough adenine for a small peak at 734 
cm-1 to be observed in the 532 nm spectrum. However, for the spectrum obtained using 
785 nm light, the adenine dominated completely. When the proportion of adenine was 
decreased, the contribution of adenine bands to the 532 nm spectrum became 
insignificant while the contribution of FAD signal to the 785 nm spectrum remained 
small. The two spectra in Figure 2 reflect the spectra reported for SERS of bacteria 
obtained using those wavelengths. It is extremely likely that the 734 cm-1 peak seen in the 
spectra of bacteria collected with 785 nm lasers is due to an adenine moiety and Zeigler’s 
group has showed that a C-N bond is involved [15]. The source of the signal cannot be 
attributed to FAD because the adenine moiety of FAD does not contribute to its SER 
spectrum. On the other hand, nicotinamide adenine dinucleotide (NAD), another 
coenzyme, binds strongly to silver via the adenine moiety [16 ], and this interaction is 
reflected by the presence of a strong band at 734 cm-1 in the SER spectrum of NAD 
excited at 633 nm [17].Given the presence of proteins/enzymes in the walls, and the 
demonstrated interaction with the coenzyme FAD using 524 or 532 nm light, it is very 
liklely that  FAD dominates the SER spectrum obtained with 514 or 532 nm excitation 
because of resonance enhancement of the signal, while SER spectra obtained using      
785 nm light are dominated by the signal from NAD. However, adenosine, adenosine 
monophosphate, adenosine diphosphate and adenosine triphosphate also bind to silver via 
the adenine, and thus would be expected to have very similar SER spectra, as confirmed 
by Cheng et al.[18]. It must be noted, however, that their spectra, collected using 
excitation at 488 nm, showed relatively small peaks at 734 cm-1 compared to the rest of 
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the spectrum.  However, other groups have reported SER spectra of these compounds 
with relatively high peaks at 734 cm-1[19] when longer excitation wavelengths are used.    
 PAO1 is a non-mucoid species, but does produce EPS when grown as a biofilm.  
When PAO1 biofilm from 48-hour plates was washed and mixed with colloid using a 
variety of colloid:bacteria ratios, the SER spectra which were obtained varied according 
to the ratio of bacteria:colloid used (Fig 3). The signal increased as the proportion of 
colloid was increased until a volume ratio of silver colloid (1 mM) to bacteria (OD~1) of 
25 was reached (Fig 4). With more colloid present the signal decreased. The spectrum 
showing the maximum intensity (Fig 3c) was also the one with the most similarity to the 
SER spectrum of FAD. The same results were found in three separate trials. However, 
the peaks were broad and there was a larger contribution from the 1600 cm-1 region than 
was expected from FAD. It was thought that at least part of this interference may be 
attributable to EPS, as the EPS of PAO1 has been shown to have a relatively high protein 
content.  The EPS may restrict the ability of the silver colloid to access the cell surface 
closely enough to interact with the FAD. Some EPS would be removed when the biofilm 
was agitated in water, but some would remain, including the capsular EPS. EPS typically 
contains a broad mix of polymeric species, with a high proportion of carbohydrates and 
protein. As biofilm colonies of P. aeruginosa PAO1 mature they produce EPS, at first 
around the edges, then later throughout the entire biofilm colony [10].  The EPS can be 
removed by application of a buffered EDTA solution, and spectra as shown in Figure 4 
can then be obtained. The spectra are again very dependent on the colloid:bacteria ratio, 
as shown in the non-bold curves of Figure 3. The spectrum with the most intense signal 
and the most well-defined peaks was obtained at a colloid:bacteria ratio of 40. The 
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efficacy of the treatment with EDTA suggests that a routine washing step with EDTA 
may be a way to increase reproducibility when taking SERS of bacterial samples.  
 Some of the SER spectra discussed above were obtained without the aid of a salt 
to promote aggregation, while others required the addition of sodium sulfate to produce 
aggregation and increase the intensity of the SERS signals. Sodium sulfate was used 
because it was reported to give good enhancement when collecting SER spectra of 
dipicolinic acid,[20] and the lipopolysaccharides on the bacteria are also negatively 
charged. Silver sulfate has a high solubility product (1.4 x 10-5 at 25oC compared with 1.8 
x 10-10 for silver chloride). Thus the sulfate ions are relatively weakly bound to the silver 
surface enabling other negatively charged species to access the colloid surface [20]. 
Addition of chloride was generally not as successful.  
  All the SER spectra shown in this paper were obtained after adding the bacteria 
to preformed colloid.  This colloid presumably adsorbs to the cell wall and produces the 
same interaction as when the colloid is formed by a reaction in situ. Thus it is not 
necessary that the colloid be formed in situ on the cell wall to be able to obtain spectra of 
the FAD present on the interior of the cell wall, and there is no indication that the 
preformed colloid enters the cells. 
 
4. Conclusions 
 SER spectra of FAD and riboflavin are very easy to obtain and if even traces of FAD are 
present, the FAD signal will dominate SER spectra obtained using 514 or 532 nm 
irradiation because of resonance enhancement. SER spectra of very different bacteria 
such as P. aeruginosa, B. subtilis and G. stearothermophilus are dominated by signals 
from FAD, even when these bacteria are added to a preformed colloid.  The clarity of the 
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spectral features is very dependent on the ratio of colloid to bacteria used. The presence 
of EPS prevents the colloid from approaching the cell wall closely enough to interact as 
strongly with the FAD as it can in the absence of capsular EPS. Using 785 nm radiation, 
there is no resonance enhancement of FAD, and the signal of adenine in NAD dominates 
the SER spectra of many bacteria. 
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Figure Captions 
Figure 1:  SERS spectra of 19 h G. thermophilus and B. subtilis added to silver colloid in 
volume ratios of silver colloid (1 mM) to bacteria (OD~1) of 5 and 60 respectively. A 30 
µL aliquot of 1.1 M sodium sulfate was added before spectral collection.  
 
Figure 2:  SER spectra of a mixture of 0.06 µM riboflavin and 1.5 µM adenine in a 
solution containing a silver colloid (formed by the hydroxylamine reduction of 1mM 
silver nitrate). The spectra were obtained using irradiation with 532 nm (upper trace) and 
785 nm (lower trace). 
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Figure 3: SER spectra of P. aeruginosa biofilm washed in water and added to silver 
colloid in the following volume ratios of silver colloid (1 mM) to bacteria (OD~1): 1.6, 
5.3, 16, 26.6, and 80. Spectra were collected using 30 s acquisitions with a ×20 objective, 
and were smoothed, baseline corrected and offset for clarity.     
 
Figure 4: The intensity of the 1350 cm-1 peak in the SER spectra of P. aeruginosa biofilm 
washed in water (─) or EDTA solution (–) and added to preformed silver colloid, plotted 
versus the volume ratio of silver colloid (1 mM) to bacteria (OD~1). Different symbols 
denote  repeat experiments. 
 
Figure 5:  SER spectra of P. aeruginosa biofilm washed in EDTA solution and added to 
silver colloid in the following volume ratios of silver colloid (1 mM) to bacteria (OD~1): 
4, 16, 40, 63, and 107. Spectra are based on 30 s acquisitions using a ×20 objective, and 
are smoothed, baseline corrected and offset for clarity.    
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